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EXTRACTION OF A "LIQUID-DROP" PART OP THE HF-ENERGY 
M.Brack 
N i e l s Bohr I n s t i t u t e , Copenhagen 
Once a re a s o n a b l e e f f e c t i v e nucleon-nucleon i n t e r a c t i o n XT 
i s found and has "been f i t t e d t o reproduce n u c l e a r masses, r a -
d i i and deformations i n the HF-approximation, one might t r y t o 
e x t r a c t from the HF-energy some smooth p a r t which v a r i e s only 
s l o w l y w i t h d e f o r m a t i o n and w i t h n u c l e o n numbers, such t h a t i t 
can be f i t t e d by some l i q u i d - d r o p l i k e e x p r e s s i o n . T h i s pro-
cedure can then be used t o e x t r a c t the l i q u i d - d r o p (LD) param-
e t e r s l i k e s u r f a c e energy, volume and s u r f a c e symmetry coef-
f i c i e n t s , e t c * from t h a t g i v e n e f f e c t i v e i n t e r a c t i o n . 
I r e p o r t here about some work which i s under p r o g r e s s i n 
c o l l a b o r a t i o n w i t h Ph. Quentin. In a p r e v i o u s paper (1) we 
have p r e s e n t e d i n d e t a i l our method which i s b a s i c a l l y r e l y i n g 
upon S t r u t i n s k y
f
s method (2) of a v e r a g i n g the s i n g l e p a r t i c l e 
energy spectrum. Without r e p e a t i n g any d e t a i l s , we summarize 
here the main s t e p s t o be t a k e n . 
1. We s t a r t from the H F - s o l u t i o n f o r any g i v e n n u c l e u s a t 
any d e f o r m a t i o n ( o b t a i n e d , i f n e c e s s a r y , w i t h a c o n s t r a i n e d 
H F - c a l c u l a t i o n ) . From the s e l f c o n s i s t e n t d e n s i t y m a t r i x 9 , 
we e x t r a c t a smooth p a r t 9 o b t a i n e d by a v e r a g i n g the spectrum 
of HF-energies £^ , thus w r i t i n g 
£ = § -v £ ? . (A) 
2. The smooth d e n s i t y j o a a t r i x § d e f i n e s some average 
( " s h e l l model") p o t e n t i a l U through the r e l a t i o n 
Q - (B) 
(we w r i t e o n l y the d i r e c t terms here; the exchange can e a s i l y 
be i n c l u d e d i n the method). The average p o t e n t i a l 0 has t h e 
ei g e n v a l u e s &i which can be found by s o l v i n g the c o r r e s p o n d i n g 
S c h r o d i n g e r e q u a t i o n . 
3* The t o t a l HF-energy E
H F
 can then be w r i t t e n as 
E
H F
 = • E + <$E< + &EZ , (C) 
where E i s only dependent on smooth q u a n t i t i e s l i k e g ; S BA 
i s the f i r s t o r d e r s h e l l - c o r r e c t i o n e x t r a c t e d from the «shell 
model" spectrum &
L
 (not e< l) i n the u s u a l way; $EZ i s a sum 
of terms c o n t a i n i n g only second and h i g h e r powers of <fj . The 
q u a n t i t i e s E and 6E
4
 can be c a l c u l a t e d e x p l i c i t l y ; S E
a
 i s 
then found by s u b t r a c t i n g them from E
H f
 . 
4. The energy E can now be f i t t e d t o a LD mass f o r m u l a 
i n o r d e r t o g a i n LD-para,meters. The f i t can be done i n two 
dimensions: e i t h e r as a f u n c t i o n of p r o t o n and neutron numbers 
or as a f u n c t i o n of d e f o r m a t i o n . The s u r f a c e energy can then 
be determined i n both ways i n d e p e n d e n t l y . 
I n t h i s method, the smooth p a r t E and the s h e l l - c o r r e c -
t i o n s ST&J + <fE
2
 are d e f i n e d i n a c o n s i s t e n t and unique way; 
no parameters are i n t r o d u c e d i n a d d i t i o n to those i n h e r e n t i n 
the e f f e c t i v e f o r c e used. The only t h i n g exceeding u s u a l HP-
t h e o r y i s the use of the smoothed d e n s i t y J . I t s d e f i n i t i o n 
u s i n g S t r u t i n s k y ' s a v e r a g i n g method i s known t o approximate 
c l o s e l y the d e n s i t i e s used i n s e r a i c l a s s i c a l t h e o r i e s l i k e gen-
e r a l i z e d Thomas-Fermi or s t a t i s t i c a l methods (3)* By l o o k i n g 
a t the magnitude of SE
Z
 , the convergence of the s h e l l - c o r -
r e c t i o n s e r i e s (C) can be checked. Comparing the v a l u e s of cTE^ 
a l l o w s t o t e s t the q u a l i t y of the s h e l l - m o d e l p o t e n t i a l s used 
i n o r d i n a r y s h e l l - c o r r e c t i o n c a l c u l a t i o n s . I n e x t r a c t i n g LD-
parameters, s i n c e we s t a r t from H F - c a l c u l a t i o n s and not from 
e x p e r i m e n t a l masses, we have the advantage t h a t we can e x t r a -
p o l a t e t o "fancy n u c l e i " w i t h v ery l a r g e i s o s p i n asymmetry 
and t h e r e f o r e determine the asymmetry c o e f f i c i e n t s more accu-
r a t e l y than i n u s u a l LD f i t s (e.g. r e f . 4 ) . 
At p r e s e n t , we s t a y a t the b e g i n n i n g of step 4 of the pro-
gram o u t l i n e d . We have c a l c u l a t e d HF deformation energy curves 





c o n s t r a i n t was put on the quadrupole moment Q (see ref.5)» For 
i t * Yb we used both the Skyrme-force S I I I (5) and Negele's f o r c e 
i n the d e n s i t y m a t r i x expansion (DME, see r e f . 6 ) ; r e s u l t s are 
shown i n F i g . l . For ^ P u we used the f o r c e S I I I o n l y , see P i g . 2 . 
The r e s u l t i n g curves E(Q) are Indeed smooth as f u n c t i o n s of Q. 
T h i s i n i t s e l f s upports the_way of d e f i n i n g § . 
I n f i t t i n g the curves E(Q) t o LD deformation energy c u r v e s , 
one has t o c o r r e c t f o r the s p u r i o u s r o t a t i o n a l energy c o n t a i n e d 
i n S
H F
 and E which stems from the f a c t t h a t the HF-wavefunctions 
are n o t e x a c t e i g e n s t a t e s of the t o t a l s p i n J=0. A l s o , one has 
t o c o n s i d e r t h a t the s o l u t i o n s E
H F
 and E do not f o l l o w the low-
e s t p o s s i b l e p a t h i n the LD energy s u r f a c e ; the d e v i a t i o n s from 
i t g i v e r i s e t o some o s c i l l a t i o n s of E of c a . ±1 MeV and t o an 
i n c r e a s e of the LD f i s s i o n b a r r i e r . Both e f f e c t s can be seen i n 
F i g . 2 . 
The s h e l l - c o r r e c t i o n s cfE^ and CTE
2
 o b t a i n e d f o r Yb are 
shown i n P i g . 3. The two curves f o r the f o r c e s S I I I and DME ag-
ree i n both cases w i t h i n c a . 1.5 MeV. The s h e l l - c o r r e c t i o n <TB< 
found from a deformed Woods-Saxon p o t e n t i a l ( r e f . 2 ) a l o n g the 
same deformations i s a l s o shown; i t s agreement w i t h the curves 
e x t r a c t e d from HF i s v e r y good. The h i g h e r - o r d e r c o r r e c t i o n s d E t 
are s m a l l ; t h e i r o s c i l l a t i o n s around a constant mean v a l u e of 
c a . 1.5 MeV are not l a r g e r than c a . ± 1 MeV . (The same i s t r u e 
for
z l
*°Pu.) Thus, the s h e l l - c o r r e c t i o n s e r i e s (C) i s r a p i d l y con-
v e r g i n g and o m i t t i n g the h i g h e r - o r d e r terms <TE
2
 - which i s done 
i n a l l u s u a l s h e l l - c o r r e c t i o n c a l c u l a t i o n s - does i n most cases 
not a f f e c t the r e s u l t s c o n s i d e r a b l y . 
Summarizing the r e s u l t s o b t a i n e d so f a r , we can s t a t e : 
1. I t i s p o s s i b l e t o e x t r a c t a smooth "LD-part
l f
 from a 
g i v e n HF d e f o r m a t i o n energy curve which (by c o n s t r u c t i o n ) i s 
smooth as f u n c t i o n of p a r t i c l e numbers and (as a r e s u l t ) i s 
smooth as f u n c t i o n of d e f o r m a t i o n . 
2. The s u r f a c e energy c o e f f i c i e n t of the f o r c e S I I I i s 
c l o s e t o the v a l u e g i v e n by Myers and S w i a t e c k i ( 4 ) , p r o b a b l y 
some 0.5 t o 1 MeV h i g h e r . The same c o e f f i c i e n t of the DME-force 
seems t o be much h i g h e r ; but t h i s r e s u l t might change by i n -
c l u d i n g t h s t a r t i n g energy c o r r e c t i o n s (see r e f . 6 ) o mitted so f a r . 
3. The s h e l l - c o r r e c t i o n s e r i e s (C) converges r a p i d l y f o r 
both f o r c e s ; the second and h i g h e r o r d e r c o r r e c t i o n s <JE
2
 are 
found t o be s u f f i c i e n t l y s m a l l t o be n e g l e c t e d i n most "normal
1 1 
S t r u t i n s k y c a l c u l a t i o n s (except probably f o r t r a n s i t i o n r e g i o n 
n u c l e i , where &EA i s of the same s m a l l o r d e r ) . 
4. The deformed Woods-Saxon p o t e n t i a l used i n many S t r u t -
i n s k y ^ c a l c u l a t i o n s ( r e f . 2 ) i s v e r y c l o s e t o the average poten-
t i a l U found from the Skyrme-HF s o l u t i o n s (see the c l o s e agree-
ment of £ E „ i n F i g . 3 ) . _ 
3. An improvement of the f i t of E(Q) t o a LD curve can prob-
a b l y be reached by i n c l u s i o n of a curvature-dependent term, c o r -
r e s p o n d i n g t o a term o c A
v
* i n the mass f o r m u l a . 
We acknowledge the use of the DME code which was made av-
a i l a b l e t o us by J.Negele and D.Vautherin. 
REFERENCES: 
(1) M.Brack and Ph.Quentin, 3rd I n t . Conf. on F i s s i o n , R o c h e s t e r 
197 3, paper IAEA-SM-174/98. 
(2) V . M . S t r u t i n s k y , Nucl.Phys. A95(1967)420, A 1 2 2 ( 1 9 6 8 ) l . 
M.Brack et a l . , Rev.Mod.Phys. 44 2 (1972) 320. 
(3) M.Brack and H . C . P a u l i , Nucl.Phys. A207 (1973) 401, 
D.Gross, Phys. L e t t . 42B (1972) 41, 
R.K.Bhaduri and S.Das Gupta, P h y s . L e t t . 47B (1973) 129, 
B.K.Jennings, Nucl.Phys. A207 (1973) 538. 
(4) W.D.Myers and W.Swiatecki, Nucl.Phys. 81 (1966) 1. 
(5) see Ph.Quentin's c o n t r i b u t i o n t o t h i s c o n f e r e n c e . 
(6) J.W.Negele and D.Vautherin, Phys.Rev. C £ (1972) 1472. 
FIGURE CAPTIONS: 
Fig.T: Deformation e n e r g i e s f o r the f o r c e s of Negele (DME) and 
Skyrme ( S I I I ) . The LD curve i s taken a l o n g the same d e f o r -
mation p a t h as E(Q); LD parameters from r e f . ( 4 ) .
 l w
Y b * 
F i g . 2 : Deformation e n e r g i e s w i t h f o r c e S I I I f o r
z w
P u . U p p e r p a r t : 
I n the dashed-dotted c u r v e , some estimate of the average 
s p u r i o u s r o t a t i o n a l energy i s s u b t r a c t e d from E. Lower 
p a r t : E
t D
i s a l o n g same p a t h i n deformation space as E; 
E & i s l o w e s t p o s s i b l e p a t h ("LD v a l l e y " ) . 
F i g . 3: S h e l l - c o r r e c t i o n s f o r
 lw
* Yb, f o r c e s S I I I and DME. Upper 
p a r t : sum of second and h i g h e r order c o r r e c t i o n s , <3% 
Lower p a r t : F i r s t o rder s h e l l - c o r r e c t i o n . The dashed-
d o t t e d curve i s o b t a i n e d from a deformed Woods-Sas&n 
s h e l l - m o d e l p o t e n t i a l (2) as n o r m a l l y used; i t i s n o t 
f i t t e d t o t h i s s p e c i a l c a s e . 
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R-Process N u c l e o s y n t h e s i s and N u c l e i f a r from the Region 
o f B e t a - S t a b i l i t y * 
T.Kodama 
Centro B r a s i l e i r o de Pe s q u i s a s F i s i c a s , R i o de J a n e i r o , B r a s i l 
and 
K.Takahashi 
I n s t i t u t e of P h y s i c s , U n i v e r s i t y of Aarhus, Aarhus, Denmark 
Summary 
The s l o w - ( s - ) and r a p i d - ( r - ) neutron capture* processes w i t h 
i n t e r v e n i n g beta-decays have been known to be r e s p o n s i b l e f o r 
the. s y n t h e s i s of heavy elements.*
1
"' In c o n t r a s t t o the case o f 
the s - p r o c e s s , t h e o r e t i c a l c a l c u l a t i o n s on the r - p r o c e s s need 
l a r g e e x t r a p o l a t i o n s of n u c l e a r s y s t e m a t i c s as t h i s p r o cess i s 
expected t o occur i n the v e r y - n e u t r o n r i c h r e g i o n f a r from the 
b e t a - s t a b i l i t y l i n e . I n 1965, Seeger et a l . proposed the q u a s i -
2) 
s t a t i c model of the r - p r o c e s s * R e c e n t l y , s e v e r a l authors have 
attempted to t r e a t i t s dynamics assuming the time-dependent 
n e u t r o n - d e n s i t y and temperature, c l a i m i n g the more r e a l i s t i c 
a s t r o p h y s i c a l c i t e f o r the r - p r o c e s s . ' Moving back onto the 
n u c l e a r s y s t e m a t i c s
1
 v i e w - p o i n t , however, t h e r e seems to be l i t t l e 
p r o g r e s s s i n c e Seeger et a l . 
The r - p r o c e s s c a l c u l a t i o n r e q u i r e s tv/o gr o s s p r o p e r t i e s 
of unknown n u c l e i concerned: n u c l e a r masses and beta-decay h a l f -
l i v e s . Many authors'have made e x t e n s i v e i n v e s t i g a t i o n s on the 
former v a r i a b l e , but not on the l a t t e r . Now t h a t one wishes to 
t r e a t the dynamic r - p r o c e s s , the improved e s t i m a t e s o f the b e t a -
decay h a l f - l i v e s are i n d i s p e n s a b l e as they determine the a b s o l u t e 
Work L*y to be p u b l i s h e d soon elsewhere 
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t i m e - s c a l e of the s y n t h e s i s . 
I n t h i s work, v/e use the gross theory of b e t a - d e c a y ^ t o 
get more r e l i a b l e p r e d i c t i o n s of the beta-decay h a l f - l i v e s and 
r e l a t e d v a r i a b l e s . In the abundance c a l c u l a t i o n , the q u a s i -
s t a t i c model i s adopted f o r s i m p l i c i t y . 
The r e s u l t s show t h a t t h e e t i m e - s c a l e of the s y n t h e s i s i s 
v e r y l i k e l y much l o n g e r than those r e q u i r e d i n the r e c e n t dynamic-
r - p r o c e s s c a l c u l a t i o n . T h i s suggests the n e c e s s i t y o f t a k i n g 
i n t o account the energy r e l e a s e s du6 to beta-decays o r f i s s i o n s * ' 
Another s p e c i a l a t t e n t i o n i s p a i d to the n u c l e a r phenomena 
expected to occur a f t e r the shut-down ( f r e e z i n g ) of the n e u t r a n -
f l u x and temperature. Among them, the e f f e c t o f delayed n e u t r o n 
e m i s s i o n s i s v e r y important and much enough to smooth out the . 
even-odd f l u c t u a t i o n i n the f r o z e n abundance c u r v e . ^ The e f f e c t 
of delayed f i s s i o n seems to be v e r y s m a l l . A comparison o f the 
c a l c u l a t e d abundance curve w i t h the "experimental
, f
 one has been 
made i n the hope f h r making a forward step to c l a r i f y i n g the 
" t r u e " c i t e f o r the r - p r o c e s s . Meanwhile, the t h e o r e t i c a l b e t a -
s t r e n g t h f u n c t i o n s are compared w i t h the r e c e n t e x p e r i m e n t a l d a t a . 
In c o n c l u s i o n , the authors v/ish to a p p r e c i a t e a l l the 
p a r t i c i p a n t s to t h i s work-shop f o r t h e i r g r e a t i n t e r e s t s i n the 
present v/ork. 
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